Abstract | The development of B cells is dependent on the sequential DNA rearrangement of immunoglobulin loci that encode subunits of the B cell receptor. The pathway navigates a crucial checkpoint that ensures expression of a signalling-competent immunoglobulin heavy chain before commitment to rearrangement and expression of an immunoglobulin light chain. The checkpoint segregates proliferation of pre-B cells from immunoglobulin light chain recombination and their differentiation into B cells. Recent advances have revealed the molecular circuitry that controls two rival signalling systems, namely the interleukin-7 (IL-7) receptor and the pre-B cell receptor, to ensure that proliferation and immunoglobulin recombination are mutually exclusive, thereby maintaining genomic integrity during B cell development.
B cell lymphopoiesis generates a diverse repertoire of peripheral B cells, which can give rise to antibodyproducing cells that mediate protection from pathogens but remain tolerant of self tissues 1 . The hallmark of B lymphopoiesis is the sequential productive DNA rearrangement of the immunoglobulin heavy chain locus (Igμ) and the immunoglobulin light chain loci (Igκ followed by Igλ), and their expression and assembly into B cell receptors (BCRs). Rearrangement of the Igμ locus involves the recombination of diversity (D) and joining (J) gene segments, and begins in pre-pro-B cells, which are not yet committed to the B cell lineage (FIG. 1) . Subsequent recombination of variable (V) gene segments to rearranged (D)J regions occurs in late pro-B cells (also known as pre-BI cells). Developing B-lineage cells proliferate in response to interleukin-7 (IL-7) by interacting with bone marrow stromal cells, which are the source of this cytokine. Following an in-frame V to (D)J recombination event, the successful expression of an Igμ chain leads to its assembly with the surrogate light chain (SLC; which comprises the λ5 and VpreB proteins) and the signalling subunits Igα and Igβ to form a pre-B cell receptor (pre-BCR). The pre-BCR promotes the generation and expansion of a population of large pre-B cells (also known as pre-BII cells), which remain dependent on IL-7 signalling 2, 3 . To initiate Igκ or Igλ gene rearrangement, these cycling pre-B cells must attenuate and/or escape the proliferative signals of the IL-7 receptor (IL-7R), which is dependent on antagonistic signalling by the pre-BCR.
This developmental sequence enables pre-B cells to step through a crucial checkpoint that ensures expression of a signalling-competent Igμ chain before their commitment to rearrangement and expression of an immunoglobulin light chain. The checkpoint also segregates the proliferation of pre-B cells from the recombination of immunoglobulin light chain loci. Failure to do so can result in genomic instability and neoplastic transformation 4 . It has long been clear that both the IL-7R and the pre-BCR are required for murine B cell lymphopoiesis 2, 3 . However, the molecular circuits and the regulatory logic by which these two signalling systems orchestrate B cell development have remained obscure and controversial. In this Review, we describe new experimental insights that have led to the formulation of a coherent molecular framework for murine B cell development. We focus on the signalling and transcriptional regulatory networks that enable the IL-7R and pre-BCR to coordinate the pre-B cell developmental checkpoint (FIG. 2) .
IL-7R signalling in early B cell lymphopoiesis
The proliferation and survival of B cell progenitors is dependent on the IL-7R 5 , which is composed of the IL-7Rα chain (which confers specificity for IL-7) and the common-γ chain (γc). Mutation of the gene encoding IL-7Rα severely impairs B cell lymphopoiesis in the bone marrow of mice 6 . This defect manifests at the prepro-B cell stage and also in earlier intermediates, including common lymphoid progenitors (CLPs) 6 . Similarly, germline knockout of the gene encoding IL-7 attenuates B lymphopoiesis in the adult bone marrow, although the phenotype of IL-7Rα-deficient mice is more severe. The IL-7Rα chain can also pair with the thymic stromal lymphopoietin (TSLP) receptor chain 5 . Therefore, it has been postulated that TSLP might compensate for IL-7 deficiency. However, loss of TSLP does not lead to a more pronounced block of B cell lymphopoiesis in Il7 −/− mice 7 . In keeping with these findings, mutation of ATP11c, a putative P4 ATP phospholipid flippase that is required for IL-7 responsiveness, attenuates B cell development [8] [9] [10] . Many regulatory responses of pro-B cells to IL-7 signalling are conserved between mice and humans; however, whereas in mice the IL-7Rα chain is required for B cell development, in humans several patients with IL-7Rα mutations have been shown to retain peripheral B cells 11, 12 . Therefore, B cell development in humans seems to be less dependent on IL-7R signalling
. It remains to be determined whether another receptor system compensates for IL-7Rα loss during human B lymphopoiesis.
Involvement of JAK3 and STAT5. The IL-7Rα and γc subunits do not have intrinsic kinase activity 13 . Instead, Janus kinase 3 (JAK3) is constitutively associated with γc, whereas JAK1 associates with IL-7Rα. Binding of IL-7 induces the phosphorylation of these receptorassociated kinases 5, 13 and of a tyrosine residue (Y449) in the IL-7Rα chain. This serves to recruit signal transducer and activator of transcription 5A (STAT5A) and STAT5B, which are the predominant STATs activated by the IL-7R, although STAT3 also contributes to IL-7R signalling 14 . Deletion of Stat5a and Stat5b arrests B cell development at the pre-pro-B cell stage, similarly to what is observed in Il7ra −/− mice 15 . Conversely, a constitutively active STAT5 can bypass many functions that are dependent on IL-7 signalling [16] [17] [18] .
Role of cyclin D2 and cyclin D3. Following activation by IL-7, STAT5 binds to and stimulates the transcription of Ccnd3, which encodes cyclin D3. Cyclin D3 has been shown to be required for both pro-and pre-B cell proliferation 17, 19 . In the classical model of receptormediated proliferation, growth factor receptors initiate a signalling cascade that induces transit past the G1 checkpoint of the cell cycle and DNA replication 20 . The G1 checkpoint is regulated by the D-type cyclins, including cyclin D1, cyclin D2 and cyclin D3, which bind and activate cyclin-dependent kinase 4 (CDK4) and CDK6. Cyclin D-CDK4-CDK6 complexes initiate phosphorylation of the retinoblastoma protein (RB) family members RB, p107 and p130, resulting in their release from E2F transcription factors and the activation of cell cycle genes. The cyclin D-CDK complexes also sequester the cell cycle inhibitors cyclin-dependent kinase inhibitor 1B (CDKN1B; also known as KIP1) and CDKN1A (also known as CIP1) from the cyclin E-CDK2 and cyclin A-CDK2 complexes, respectively 20 . The net effect of these regulated molecular dynamics is the induction of additional cell cycle genes and transition through the G1 checkpoint 21 . This canonical model was initially established in biochemical studies of non-haematopoietic cell lines 20 . However, analysis of mice deficient in all three D-type cyclins, or in CDK4 and CDK6, showed that these regulators are only required for the proliferation of cells within the haematopoietic system and in a few additional tissues 22, 23 . Notably, although the genes encoding cyclin D2 and cyclin D3 are both expressed in B cell progenitors, only cyclin D3 is required for early B cell development and for the proliferation of pro-B and pre-B cells 19 . Intriguingly, cyclin D3 preferentially binds to CDK4 and CDK6 in pro-B cells 24 . This selective binding is correlated with distinct compartmentalization of cyclin D3 and cyclin D2 within pro-B cell nuclei 24 . These findings raise the possibility that specialized nuclear subcompartments might facilitate the binding of cyclins to CDK4 and CDK6, thereby enabling their unique functions. We note that cyclin D3 also has a role in developing thymocytes 25 and germinal centre B cells 26 , whereas cyclin D2 is required for mature B cell proliferation 27, 28 . The cell cycle inhibitor KIP1 has been postulated to Nature Reviews | Immunology Expression of the pre-BCR is associated with a proliferative burst followed by cell cycle exit and transition to the small pre-B cell stage, the latter facilitates Igκ gene recombination. Cells that undergo in-frame rearrangement of the Igκ gene, and express the Igκ protein, are selected into the immature B cell pool, where mechanisms of tolerance, such as receptor editing, purge the repertoire of self-reactive clones.
Recombination-activating gene 1 (RAG1). RAG1 and RAG2 encode proteins that are involved in creating the DNA double-strand breaks that are necessary for producing the rearranged gene segments that encode the complete protein chains of T cell and B cell receptors.
be an important regulator of the cell cycle 3 in B lineage cells, and overexpression of KIP1 halts pre-B cell proliferation in vitro 29 . However, B cell lymphopoiesis in KIP1-deficient mice is essentially normal, although there is a moderate increase in the number of cycling pre-B cells 30, 31 . Therefore, of the currently studied canonical cell cycle regulators in B cell lymphopoiesis, only cyclin D3 has been found to have an essential function.
Pro-survival role for STAT5. In addition to stimulating proliferation, STAT5 enhances the survival of B cell progenitors. Deletion of Stat5a and Stat5b using a recombination-activating gene 1 (Rag1)-Cre system (which ensures that genes are only deleted from cells expressing Rag1) showed that STAT5 is required for pro-B cell expression of the pro-survival factor myeloid cell leukaemia sequence 1 (MCL1) 32 . The JAK-STAT5 pathway also induces the pro-survival protein B cell lymphoma 2 (BCL-2), which additionally contributes to B cell progenitor survival 16, 33, 34 . Accordingly, constitutive expression of BCL-2 in Stat5 −/− mice partially rescues pro-B cell development. Therefore, a major function of IL-7 activated STAT5 is to ensure the survival of pro-B cells by activating expression of the genes encoding MCL1 and BCL-2.
Contribution of PI3K. IL-7R signalling also activates the phosphoinositide 3-kinase (PI3K)-AKT (also known as PKB) pathway [35] [36] [37] . Deletion of the PI3K catalytic subunits p110α and p110δ 38 , or the regulatory subunit p85α 39, 40 , impairs B cell lymphopoiesis. PI3K is required for cellular proliferation in both pre-B and mature B cells [39] [40] [41] [42] [43] . However, it does not seem to have the same role in pro-B cells. p110α and p110δ double-deficient mice show developmental arrest at the pre-B cell stage. Pro-B cells in these mice proliferate normally and IL-7-induced AKT activation is similar in the pro-and pre-B cell compartments 36 . Furthermore, there are no proliferative defects in pro-B cells from mice that are deficient in either p85α or the PI3K negative regulator phosphatase and tensin homologue (PTEN). Finally, pharmacological inhibition of PI3K in ex vivo cultured pro-B cells from mice deficient in the pro-apoptotic molecule BCL-2-interacting mediator of cell death (BIM; also known as BCL2L11) does not affect their proliferation 24 . Therefore, there is little evidence that PI3K is necessary for the proliferation of pro-B cells.
Nevertheless, the activation of PI3K-AKT signalling by the IL-7R 44, 45 is likely to play a part in IL-7-mediated pro-B cell survival. Activated AKT phosphorylates the forkhead box protein O (FOXO) family of transcription factors and targets them for nuclear export and degradation. FOXO factors are required for expression of BIM 46, 47 , and so by targeting FOXO, AKT lowers BIM expression levels. AKT also directly phosphorylates and inhibits the pro-apoptotic protein BCL-2 antagonist of cell death (BAD) 48 . It is likely that inhibition of these pro-apoptotic targets by AKT coordinates with STAT5-induced MCL1 and BCL-2 to promote the survival of pro-B cells in response to IL-7 signalling.
Key transcription factors facilitating IL-7 signalling. A set of transcription factors, including early B cell factor 1 (EBF1), MYB and MYC-interacting zinc finger protein 1 (MIZ1; also known as ZBTB17), interplay with IL-7 signalling to promote the survival and proliferation of B cell lineage progenitors. They do so either by positively regulating the expression of Il7ra or by functioning in parallel or downstream of IL-7R signalling. EBF1 is a major transcriptional determinant that functions in B cell fate specification and commitment in concert with the transcription factors E2A and paired box 5 (PAX5), respectively [49] [50] [51] . The pro-B cell gene regulatory network, which involves these and other transcription factors, has been reviewed extensively and will not be covered here 52, 53 . Conditional deletion of Ebf1 results in a marked defect in pro-B cell survival and proliferation 54 . This is accompanied by reduced expression of Nature Reviews | Immunology Thus, the IL-7R and the transcription factors EBF1, FOXO1 and MYB seem to represent components of a mutually reinforcing regulatory network that promotes the survival and proliferation of pro-B cells (FIG. 3) . The transcription factor MIZ1 further stabilizes this network, in part, by repressing the suppressor of cytokine signalling 1 (Socs1) gene, which encodes an inhibitor of JAK signalling and STAT5 activation 58 .
Roles for other signalling pathways. Although IL-7 signalling is the major pathway regulating pro-B cell survival and proliferation, it is likely that other signalling systems are important at this step in B cell development. There is a critical, intrinsic 59 requirement for the SRC family tyrosine kinase ABL in B cell lymphopoiesis 60, 61 . It is expressed throughout B cell development, but levels of phosphorylated ABL peak in pro-B cells 62 . Defective B cell development is associated with increased apoptosis and decreased proliferation in vivo 62, 63 . However, transgenic expression of BCL-X L only partially rescues the developmental block 62 , indicating that ABL does more than prevent apoptosis. ABL can be activated by signalling through the antigen receptors [64] [65] [66] , but the high levels of phosphorylated ABL that are detected in pro-B cells suggest that other receptors can also activate ABL. It is also possible that ABL is not induced following the activation of a cell surface receptor in pro-B cells but instead in response to DNA double-strand breaks that are intermediates in immunoglobulin heavy chain gene recombination 67 .
Specification of pro-B cells.
Given that the IL-7R is expressed in CLPs and its loss or that of IL-7 results in an early block to B cell development that is not rescued by ectopic expression of BCL-2 (REF. 68 ), a role for IL-7 signalling in B cell fate specification has been extensively considered 52 . The available data are consistent with a transient function of IL-7 signalling in CLPs that promotes the expression of EBF1 and, in turn, PAX5. In keeping with this possibility, IL-7 signalling has been shown to regulate the activity of a distal promoter in the Ebf1 gene 69 . Consistent with these findings, ectopic expression of EBF1 or constitutively activated STAT5 can restore B cell development in IL7 −/− mice 70, 71 . It should be noted that conditional deletion of Stat5 using a Rag1-Cre transgene system results, as expected, in an early block to B cell development. However, unlike in IL7ra −/− or γc −/− mice, the ectopic expression of Bcl2 in mice with a Rag1-Cre-mediated deletion of Stat5 rescues the generation of pro-B cells 32 . Intriguingly, expression of EBF1 and PAX5 is maintained in the absence of STAT5 in these 'rescued' Stat5 −/− pro-B cells. These two sets of experimental analyses can be reconciled with a model in which a transient pulse of IL-7 signalling in CLPs can promote B cell fate specification by inducing a key lineage determinant, namely EBF1. The expression of EBF1 could then be sustained in pro-B cells via a positive feedback loop that does not rely on continued IL-7 signalling. Such transient inductive signalling to enable cell fate specification has been widely noted in other developmental contexts, with Notch signalling being a relevant exemplar in T lineage determination 72 .
Rag expression and immunoglobulin heavy chain gene rearrangement. The Rag1 and Rag2 genes are directly activated by FOXO1 and FOXO3A 36, 55, 73, 74 . The repression of FOXO activity and therefore Rag expression is a major, non-redundant function of the PI3K-AKT pathway. Rag expression is dysregulated in p110α and p110δ double-deficient mice 38 . Furthermore, attenuated IL-7R signalling leads to diminished Akt activation, upregulation of FOXO and the robust induction of the Rag genes 36 . The repression of Rag expression during pro-B cell proliferation in the context of IL-7R signalling (see below) is reinforced by mechanisms intrinsic to the cell cycle machinery. The cyclin A-CDK2 complex, which regulates the late G1 transition, also phosphorylates Rag2 at Thr490 (REF. 75 ), thereby targeting it for ubiquitylation by S phase kinase-associated protein 2 (SKP2) and subsequent proteasome-mediated degradation 76, 77 . The findings that IL-7 signalling via PI3K-AKT represses Rag gene expression raise a developmental conundrum. How can Igμ DNA rearrangement occur in pro-B cells that are dependent on IL-7 signalling
Box 1 | IL-7 signalling and B cell development in mice versus humans
In both humans and mice, the interleukin-7 receptor-α (IL-7Rα) chain (also known as CD127) is expressed by early B cell progenitors, and signalling via IL-7Rα activates signal transducer and activator of transcription 5 (STAT5) 2, 18 and drives pro-B cell proliferation, while inhibiting Igκ recombination 3, 4 . Furthermore, attenuation of IL-7R signalling in both human and mouse pre-B cells is associated with the upregulation of forkhead box protein O1 (FOXO1) and expression of recombination-activating gene 1 (RAG1) and RAG2 (REF. 4 ). In mice, it has been demonstrated that B cell development requires the IL-7Rα chain. However, in humans several mutations in the IL7Ra gene have been described that are associated with normal numbers of peripheral CD19 + B cells but greatly diminished numbers of peripheral T cells and natural killer cells 7, 11, 12, 153 . Many of these patients have low levels of serum immunoglobulins, which suggests that their peripheral B cells are functionally defective. These analyses suggest that, compared with mice, human B cell development is less affected by loss of IL-7R activity. It remains to be determined whether another receptor system molecularly compensates for IL-7Rα loss during human B lymphopoiesis.
Autophagy
The catabolic process in which the cell degrades its own components through the lysosomal pathway.
for their survival and proliferation? Recent evidence indicates that the pro-B cell pool is heterogeneous for IL-7R surface expression; the level of IL-7R expression is positively correlated with the intracellular level of phosphorylated STAT5, but is negatively correlated with the level of Rag expression 78 . Such a heterogenous cellular state might be generated by a regulatory loop between IL-7R and FOXO factors. In pro-B cells that have been recently activated by IL-7 signalling, the destabilization of FOXO transcription factors, which positively regulate expression of the Il7ra gene, is likely to result in the lowering of IL-7R levels. This might result in a transient diminution of IL-7 signalling and therefore upregulation of FOXO factors and the eventual restoration of high levels of the IL-7R. Thus, pro-B cells might oscillate between IL-7R high and low states, with the low state enabling Rag expression and Igμ recombination, and subsequent transitioning into the pre-B cell pool.
In addition to inducing Rag gene expression, FOXO1 facilitates V(D)J recombination by enhancing V H gene accessibility and compaction of the Igμ locus 79, 80 . In this regard, STAT5 that is transiently activated via IL-7 signalling in pro-B cells has been shown to be recruited to distal V H gene segments and to promote localized histone acetylation and, in turn, distal V H gene rearrangement 81 . Thus, the transient pulse of IL-7 signalling that has been suggested to induce B cell fate specification could also induce chromatin remodelling of distal V H gene segments via STAT5 and enable their eventual recombination in pro-B cells that express low levels of IL-7R and high levels of Rag transcripts 81 .
Pre-BCR signalling and development checkpoint
In-frame V(D)J gene rearrangements in pro-B cells leads to cell surface expression of a pre-BCR containing Igμ, Igα, Igβ and the SLC molecules λ5 and VpreB [82] [83] [84] [85] . B cell progenitors lacking surface Igμ, Igα or Igβ undergo limited V(D)J recombination but are not selected for expansion and further development 84 . Assembly of the pre-BCR with the SLC, but not with Igκ, is sufficient to induce signalling in vitro 86 . Signalling is associated with receptor aggregation on the cell surface and is mediated by basic amino acids in the non-immunoglobulin tail of λ5 (REFS 87, 88) . These observations suggest that the SLC functions to induce surface aggregation and signalling by the pre-BCR in the absence of a selecting ligand. The importance of the λ5 non-immunoglobulin tail has been demonstrated in vivo 89 . However, it is still not clear whether it functions in vivo to self-aggregate the pre-BCR or to confer binding to one or more ligands in the bone marrow, such as heparin or galectin 1 . Galectin 1 is a particularly attractive candidate ligand because it might have a role in pre-B cell development 93 and is preferentially expressed in bone marrow niches that contain pre-B cells and that are relatively devoid of IL-7 (REF. 94 ).
B cell development in mice lacking the SLC does occur, albeit inefficiently, and involves expression of heavy and light chains that confer autoreactivity 95 . This has been interpreted to indicate that the pre-BCR selects against autoreactivity and that the pre-B cell stage is a tolerance checkpoint. An alternative explanation is that, in the absence of the SLC, autoreactivity is necessary to aggregate the pre-BCR and transmit developmentally required signals 96 .
Clonal expansion of pre-B cells. Genetic analyses of the components of the PI3K-AKT signalling pathway discussed above do suggest a crucial need for PI3K in proliferating large pre-B cells. At this stage of B cell development, PI3K is likely to activate the cell growth and bioenergetic machinery that is necessary to support rapid cell division 97, 98 . Downstream of PI3K, the coordinated activation of AKT by pyruvate dehydrogenase kinase 1 (PDK1) and mammalian target of rapamycin complex 2 (mTORC2) 99 results in increased expression of glucose transporter 1 (GLUT1; also known as SLC2A1) and cellular uptake of glucose 100 , upregulation of several glycolytic enzymes 101 and other changes that enhance glucose metabolism. These changes greatly augment aerobic glycolysis, which is used by most cells of the immune system for rapid cell division 102 . Downstream of AKT, activation of mTORC1 enhances several processes that augment protein synthesis, including cap-dependent mRNA translation initiation and ribosome synthesis. In addition, mTORC1 augments lipid biosynthesis and inhibits autophagy 98, 103 . 
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Transcription of pro-survival genes
The MYC proto-oncogene is likely to exert an important function in pre-B cell proliferation. Transgenic expression of MYC under the Igμ enhancer (Eμ) demonstrates that MYC can enhance protein synthesis and cell size 104, 105 . These findings are consistent with current concepts that MYC regulates a transcriptional programme that drives biomass accumulation and enhances cell bioenergetics 98, 106 . MYC also amplifies PI3K signalling by repressing PTEN 107 and induces the expression of cyclin D3 (REF. 30 ). Accordingly, high expression of MYC protein defines a subset of large, rapidly dividing pre-B cells 108 . How is MYC expression regulated in pre-B cells? Withdrawal of IL-7 reduces MYC expression, and the overexpression of MYC blocks exit from the cell cycle in response to IL-7 withdrawal 30 , indicating that MYC is regulated by IL-7R signalling. However, the transient increase of MYC expression in pre-B cells is not correlated with increased phosphorylation of STAT5, a transducer of IL-7R signalling 36 . Although the signalling pathways leading to increased MYC expression in pre-B cells are not known, there are multiple candidates, including PI3K, extracellular signal-regulated kinase (ERK) and nuclear factor-κB 105, 106, 109 .
Transition of cycling pre-B cells to a resting state.
Pre-B cell clonal expansion in vivo is limited to four to five cell divisions 110 . The signalling and gene regulatory mechanisms in pre-B cells that limit their clonal expansion have been intensively pursued, particularly because cell cycle arrest is coupled to the re-induction of Rag gene expression and immunoglobulin light chain gene rearrangement (see below). It has been hypothesized that the pre-BCR provides signals that not only drive the proliferation of pre-B cells but that also silence the expression of the SLC and, subsequently, the expression of pre-BCR 111 . In this model, subsequent cell divisions, which would dilute SLC levels, would lead to a loss of the proliferative signal and exit from the cell cycle 112, 113 . However, experiments in which the SLC was constitutively expressed indicate that downregulation of the pre-BCR is not required for the cessation of proliferation or for the initiation of Igκ gene rearrangement 114 . Furthermore, loss of downstream components of the pre-BCR signalling cascade, including B cell linker protein (BLNK; also known as SLP65), Bruton tyrosine kinase (BTK) and phospholipase Cγ2 (PLCγ2), block development at the cycling pre-BCR + pre-B cell stage [115] [116] [117] . These observations indicate that pre-BCR activated signalling mechanisms eventually function to limit proliferation.
Recent evidence indicates that downstream of the pre-BCR, the RAS-ERK signalling pathway functions to attenuate proliferation. It does so by inducing the developmentally restricted transcription factor Aiolos (an Ikaros family member encoded by Ikzf3) 118 , which represses transcription of Myc 30 and Ccnd3 (REF. 17 ). The restricted expression of Aiolos provides an attractive molecular explanation of how, in one cell lineage and at a particular stage of development, RAS activation terminates proliferation, whereas at an earlier developmental stage, during which Aiolos is not detectably expressed 119 , the RAS-ERK pathway enhances proliferation 109, 120 . Importantly, the pre-BCR can also antagonize IL-7-dependent proliferation of pre-B cells by BLNK-mediated inhibition of the PI3K-AKT pathway (see below).
As well as inducing cell cycle arrest, pre-BCR signalling is also likely to promote the survival of small resting pre-B cells that are undergoing immunoglobulin light chain rearrangement. Little is known about how the pre-BCR inhibits cell death, although the pre-TCR promotes survival by suppressing BIM and BH3-interacting domain death agonist (BID) 121 . It is possible that pre-BCR directed ERK activation targets BIM for degradation 45, 122 . Additionally, DNA double-strand breaks, which arise during immunoglobulin gene recombination, lead to ataxia telangiectasia mutated (ATM)-dependent induction of the serine/threonine protein kinase PIM2, which phosphorylates BAD, targeting it for degradation 34 .
Following the pre-B cell proliferative burst and the loss of favourable bioenergetics, activation of AMP-activated kinase (AMPK) antagonizes mTORC1 and curtails protein synthesis. In addition to further inhibiting proliferation, this regulatory loop is likely to contribute to light chain recombination because AMPK can directly phosphorylate and activate Rag1 (REF. 123) . Consistent with this model, mutation of the gene encoding the AMPK binding partner folliculin-interacting protein 1 (FNIP1) leads to excessive cell growth and a block in differentiation at the large pre-B cell stage 124 .
Pre-BCR signalling and Igκ recombination
Induction of Igκ gene rearrangements in resting pre-B cells. Cell cycle arrest in pre-B cells is not sufficient to induce Igκ gene recombination 29 . Rather, Igκ recombination seems to be directly regulated by the pre-BCR. Transgenic Igμ expression increases Igκ locus accessibility in Rag2 −/− pro-B cells 125, 126 , whereas targeted mutations of some pre-BCR signalling components can enhance proliferation of pre-B cells while impairing Igκ gene recombination 116, 127 . Furthermore, constitutive expression of the pre-BCR results in extensive light chain recombination 114 . In addition to mediating cell cycle exit, the RAS-ERK pathway is a major mediator of pre-BCR-directed Igκ gene recombination 17, 128, 129 . RAS-ERK signalling upregulates expression of the transcription factor E2A while repressing expression of its inhibitor ID3 (inhibitor of DNA binding 3) 130 . This results in a large increase in the level of free E2A available for DNA binding and activation of the Igκ intronic enhancer (Eκ i ) and the Igκ 3ʹ enhancer (Eκ 3ʹ ) 17 (FIG. 4) . Gene-targeting studies have demonstrated that mutation of an enhancer box (E-box) in the Eκ i , iκE2, diminishes Igκ gene rearrangement, and that mutation of iκE1 and iκE2 together affects Igκ gene rearrangement more markedly and in a similar way to the complete deletion of Eκ i (REF. 131 ).
These and other studies [132] [133] [134] [135] implicate E2A as an important regulator of Igκ locus transcription and accessibility to recombination. When bound to the Eκ i , E2A recruits the transcriptional co-activators CREB-binding protein (CBP) and p300, which modify nucleosomal histones in the flanking Cκ and Jκ regions with acetyl groups, thereby making the region accessible to the recombination machinery 17, 136, 137 . In addition to E2A, the pre-BCR induces expression of the interferon regulatory factor (IRF) family members IRF4 and IRF8, which are required in vivo for initiating Igκ gene recombination, suppressing the SLC and exiting the cell cycle 138, 139 . The transcription factors IRF4 and IFR8 induce localized histone acetylation, Igκ transcription and recombination by binding to the Eκ 3ʹ enhancer, thereby complementing regulation of the Eκ i by E2A 29 . They do so by cooperative binding with the transcription factors PU.1 (also known as SPI1) or SPIB to Ets-IRF composite motifs (EICEs). IRF4 and IRF8 also similarly bind to the E λ enhancers and are crucial regulators of Igλ transcription and recombination in pre-B cells 29, 138 .
Importance of attenuating IL-7R signalling.
Signalling through the pre-BCR, and the induction of E2A, IRF4 and IRF8, is not sufficient to induce Igκ gene recombination or to make the Igκ locus appropriately accessible to recombination. Cells must also attenuate or escape IL-7R signalling 29 . This is because STAT5 binds directly to the Eκ i as a tetramer and recruits Polycomb repressive complex 2 (PRC2) 140 . Within PRC2, the methyltransferase enhancer of zeste homologue 2 (EZH2) (FIG. 4) modifies nucleosomes at the Eκ i , Jκ and Cκ regions with the histone H3 lysine 27 trimethylation (H3K27me3) mark. This modification is proposed to make the regions inaccessible to both E2A binding and to access by the recombination machinery.
The elucidation of STAT5 as a repressor provides a simple bimolecular model of how E2A, downstream of the pre-BCR, and STAT5, downstream of the IL-7R, determine the activity of Eκ i and accessibility of Jκ and Cκ to the recombination machinery. Furthermore, it suggests that the Eκ i , which is positioned between the Jκ and Cκ regions and in close proximity to both, regulates local accessibility to the recombination machinery.
However, this model cannot be extended to Vκ gene segments because these are situated far from Eκ i and are mostly devoid of either histone acetylation or H3K27me3 marks 141 (M.M. and M.R.C., unpublished observations). Surprisingly, cyclin D3 is a potent repressor of Vκ transcription 24 . Cyclin D3 does not bind chromatin and therefore is unlikely to act as a conventional transcriptional repressor. Rather, nuclear matrix-associated cyclin D3 seems to regulate Vκ transcription. This fraction of cyclin D3 is spatially and functionally different from that associated with CDK4 and CDK6. It is not known how nuclear matrix-associated cyclin D3 regulates Vκ transcription. However, these findings raise the intriguing possibility that differential compartmentalization of cyclin D3 within the nucleus enables it to drive cell cycle progression and repress Vκ gene accessibility.
Thus, two key mediators of IL-7R-driven proliferation, namely STAT5 and cyclin D3, coordinately repress the Igκ locus and prevent recombination during pre-B cell division. Each represses a different region of the Igκ locus through apparently very different mechanisms. Furthermore, escape from both repressive mechanisms is required to open the locus to recombination 24, 140 . Through these and other molecular mechanisms described below, cell cycle exit is tightly coupled to recombination in pre-B cells.
Light chain recombination in resting pre-B cells also requires the re-induction of the Rag genes, which, like Igκ locus accessibility, is determined by the diametrically opposed activities of the IL-7R and pre-BCR. Central to this model is the recent observation that the IL-7R is more strongly coupled to the PI3K-AKT Nature Reviews | Immunology binds as a tetramer, instead of as a dimer; this enables it to recruit Polycomb repressive complex 2 (PRC2), which contains the histone methyltransferase enhancer of zeste homologue 2 (EZH2). EZH2 marks the region, containing Jκ and Cκ, with histone H3 lysine 27 trimethylation (H3K27me3), thereby conferring local epigenetic repression. STAT5 also induces the expression of cyclin D3, which potently represses Vκ accessibility. The mechanism by which it does so is unclear and neither seems to require direct chromatin binding nor involve changes in post-translational histone modifications. Induction of Igκ requires escape from IL-7R signalling, the consequent loss of activated STAT5 and the downregulation of the STAT5 target cyclin D3. However, loss of IL-7R signalling is not sufficient for opening of the Igκ locus. Pre-B cell receptor (pre-BCR)-mediated extracellular signal-regulated kinase (ERK) activation and downstream induction of free nuclear E2A is required. With the loss of phospho-STAT5 binding, E2A binds to the Eκ i , where it recruits histone acetyltransferases (HATs) and histone methyltransferases (HMTs) that provide histone marks that lead to the opening of Jκ and Cκ to recombination. E2A also binds to the Eκ 3ʹ , where it cooperates with pre-BCR-induced interferon-regulatory factor 4 (IRF4) to further enhance Igκ accessibility. IRF4 also binds in a cooperative manner with the transcription factor PU.1 to a distinct composite regulatory sequence in Eκ 3ʹ to regulate its activation.
Recombination machinery
The molecular components that mediate immunoglobulin gene recombination. They include lymphoid-specific proteins, such as the recombination-activating gene (RAG) proteins and terminal deoxynucleotidyl transferase (TdT), and non-lymphoid restricted proteins that are involved in non-homologous DNA end-joining, including the DNA-dependent protein kinase subunits Ku70 (also known as XRCC6), Ku80 (also known as XRCC5) and DNA-PKcs (DNA-dependent protein kinase catalytic subunit), as well as Artemis and DNA ligase 4.
pathway than the pre-BCR 36 . This conclusion is based on experiments in which pre-BCR expression in Rag2 −/− pro-B cells did not enhance AKT activation 36 . This is in contrast to the BCR in mature B cells, which activates PI3K through CD19 and B cell adaptor for phosphoinositide 3-kinase (BCAP; also known as PIK3AP1). CD19 and BCAP are dispensable at the pro-and pre-B cell stages 142 . It is still possible that in large pre-B cells, when proliferation is maximal, that pre-BCR augments PI3K activation. However, presumably this would have to occur in the presence of low levels of the adaptor protein BLNK (see below) 36 , would not depend on CD19 or BCAP 142 and would have to diminish on transition to the small pre-B cell stage. Alternatively, another unknown receptor could transiently activate PI3K in large pre-B cells.
As described above, PI3K-AKT signalling promotes nuclear export and degradation of FOXO transcription factors, thereby preventing Rag induction 73, 74 . PI3K-AKT signalling also lowers the level of PAX5, which contributes to Rag gene activation and Igκ gene recombination 5) . In pre-B cells that have just acquired the pre-BCR as a consequence of productive immunoglobulin light chain rearrangements, both the proximal tyrosine kinase (spleen tyrosine kinase (SYK)) and the linker molecule BLNK are expressed at low levels. In this IL-7R activated celullar state, the pre-BCR cannot efficiently couple with the downstream signalling components that are needed for differentiation. On attenuation of IL-7 signalling in these cells, FOXO1 is induced and binds directly to the SYK and BLNK promoters inducing their activities. This imparts a functional SYK-BLNK module to the pre-BCR in small pre-B cells and promotes Igκ gene recombination through several mechanisms, including the induction of IRF4 and IRF8 and the activation of p38 mitogen-activated protein kinase 38 . p38 phosphorylates and enhances the transcriptional activity of the FOXO proteins. BLNK also feeds back and antagonizes the PI3K-AKT pathway 73 , thereby further upregulating FOXO and reinforcing the switch from proliferation to recombination 36 . This intrinsic network of counter-regulatory loops seems to be designed to reinforce the handing off of active signalling between the two receptors. This ensures that crucial cell fate decisions are dictated by a single receptor system at discrete junctures in the developmental checkpoint.
Contribution of distinct bone marrow niches. It is likely that the positioning of pre-B cells in relation to IL-7-expressing stromal cells within the bone marrow reinforces the switch from a fate that is directed by the IL-7R to one that is determined by the pre-BCR 28, 36 . The bone marrow contains distinct IL-7 hi and IL-7 low niches 143 . Downstream of the pre-BCR, IRF4 induces the expression of CXC-chemokine receptor 4 (CXCR4), There are a series of feedforward and feedback regulatory loops between the interleukin-7 receptor (IL-7R) and the pre-B cell receptor (pre-BCR) that ensure dominance of one receptor at a given time. Downstream of the IL-7R, activation of phosphoinositide 3-kinase (PI3K) destabilizes both forkhead box protein O1 (FOXO1) and paired box 5 (PAX5). In addition to regulating recombination-activating gene 1 (RAG1) and RAG2 expression, both transcription factors are needed for optimal expression of spleen tyrosine kinase (SYK) and B cell linker protein (BLNK), a central signalling module of the pre-BCR. FOXO1 and PAX5 are also necessary for the induction of interferon-regulatory factor 4 (IRF4) expression through SYK-BLNK signalling. Thus, in the presence of IL-7R signalling, the pre-BCR cannot fully couple to important downstream signalling targets that are necessary for the induction of Igκ gene recombination. After a pre-B cell has attenuated or escaped IL-7R signalling thereby enabling efficient coupling of the SYK-BLNK module to the pre-BCR, regulatory loops are engaged that further repress the IL-7R and reinforce the mechanisms of recombination. The SYK-BLNK module feeds back to repress PI3K and AKT activation, and BLNK induces activation of the mitogen-activated protein kinase p38, which phosphorylates and augments FOXO1 activity. Activated FOXO1 further enhances signalling through the pre-BCR, the induction of RAG1 and RAG2 expression and commitment to Igκ gene recombination. FOXO1 also feeds back to repress IL-7Rα expression. The thick black arrows represent primary pre-BCR signalling cascades, whereas the thin black arrows denote feedforward loops. The thick red arrows represent the negative regulatory pathways through which the pre-BCR inhibits IL-7R signalling. Nature Reviews | Immunology which confers responsiveness to CXC-chemokine ligand 12 (CXCL12) 29 . Notably, CXCL12-expressing stromal cells are situated away from those expressing IL-7. CXCR4 signalling, and the downstream activation of focal adhesion kinase 144 , might therefore facilitate the movement of pre-B cells into IL-7 low niches and the attenuation of IL-7R signalling (FIG. 6) .
Two signalling states for the pre-BCR. The above model defines two signalling states for the pre-BCR 36 that differ in their coupling to the SYK-BLNK module. This could help to explain why pre-BCR expression is associated with an initial proliferative burst before cell cycle exit and Igκ gene recombination. However, the molecular basis of this proliferative burst remains enigmatic. It has been postulated that synergistic activation of one or more signalling pathways by the pre-BCR and IL-7R results in enhanced proliferation 145 . As noted above, it remains possible that in the presence of low levels of BLNK, pre-BCR signalling augments IL-7R induced PI3K activity and the proliferation of pre-B cells. Alternatively, other receptors the expression of which is induced during pre-B cell differentiation could contribute to the proliferative burst 146 .
Immature B cell selection and receptor editing Successful Igκ rearrangement, and expression of an antigen-specific BCR, is necessary for selection into the immature B cell pool. In contrast to the pre-BCR, the BCR is strongly coupled to the PI3K signalling pathway, and this coupling is required for B cell selection, repression of Rag expression and allelic exclusion 147 . In the immature B cell compartment, cell fate decisions are determined by the antigenic specificities of the naive BCR repertoire and the need to purge it of autoreactivity. The mechanism by which this is accomplished is ingenious. Recognition of selfantigens leads to a down-modulation of BCR surface expression and to a loss of basal PI3K signalling 148, 149 . Consequently, Rag expression is de-repressed and cells acquire some characteristics of pre-B cells. This allows cells to resume Igκ gene recombination using distal Vκ segments, followed by Igλ gene recombination. These light chain gene regions are rich in segments that encode light chain editors, which can neutralize heavy chain autoreactivity [150] [151] [152] . Successful editing of BCR specificity, with a loss of autoreactivity, allows surface expression and selection back into the immature B cell pool. Differential coupling to PI3K enables the pre-BCR and BCR to direct very different cellular programmes. By substantially uncoupling from PI3K, the pre-BCR is able to initiate a signalling programme that both enhances Igκ gene accessibility and allows the induction of Rag genes. By contrast, activation of PI3K by the resting BCR on immature B cells mediates subsequent selection and the repression of further light chain recombination. Conversely, the absence of pre-BCR or BCR expression results in different cell fates that are influenced by the context in which they occur. In pro-B cells, the absence of pre-BCR expression enables IL-7-directed proliferation. By contrast, loss of BCR expression in immature B cells results in Rag expression without concurrent induction of cell cycle genes 148, 149 . Thus, lack of pre-BCR expression results in proliferation, whereas loss of BCR expression results in immunoglobulin light chain recombination.
Concluding remarks
A clear picture is emerging of the molecular processes that drive cell fate decisions during B cell lymphopoiesis. Central to this is the assigning of specific functions and signalling programmes to the IL-7R and the pre-BCR (FIG. 1) . The primary function of the IL-7R is to maintain and expand early B cell progenitor populations. It does so by activating signalling pathways that contribute crucial, non-redundant and complementary molecular functions. Activated STAT5 induces expression of anti-apoptotic factors and cyclin D3, which mediates transit through the cell cycle. Complementary signalling through the PI3K-AKT pathway represses apoptotic factors and provides the growth and energetic states that are necessary for proliferation and survival. Just as importantly, these same signalling cascades prevent Igκ gene recombination (FIG. 3) by repressing the Igκ locus and by preventing FOXOinduced Rag expression. Through these mechanisms the IL-7R potently prevents differentiation of pre-B cells.
The functions of the IL-7R are diametrically opposed by those of the pre-BCR, and these differences are reflected in the signalling pathways that the pre-BCR modulates. It activates the RAS-ERK pathway, and other signalling modules that induce the expression of Aiolos, E2A, IRF4 and IRF8. These transcription factors induce cell cycle exit and Igκ gene recombination. Furthermore, the pre-BCR antagonizes IL-7R-activated PI3K-AKT activity via the adaptor protein BLNK 73 . In so doing it attenuates IL-7R signalling, which is required for the induction of Rag genes and the differentiation of pre-B cells.
Because of the opposing functions of the IL-7R and the pre-BCR, and the fundamental incompatibility of DNA replication and recombination, simultaneous signalling through each receptor would risk genomic instability. However, there is a series of feedforward and feedback loops between the signalling cascades of the IL-7R and the pre-BCR (FIG. 4) that ensures the dominance of one receptor at any one time. These mechanisms reveal the regulatory logic of the pre-B cell developmental checkpoint. They begin to provide a coherent molecular framework for how cell fate decisions are directed by one receptor (the IL-7R) and then the other (the pre-BCR) and how proliferation of pre-B cells is tightly coupled to immunoglobulin light chain gene recombination and their differentiation into immature B cells.
